Peroxides are formed in the midgut fluids of caterpillars when ingested tannins and other phenolic compounds oxidize. If these peroxides broke down in the presence of redox-active metal ions, they would form damaging free radicals (Fenton-type reactions). Elemental iron is present in relatively large amounts in leaves and artificial diets, but little is known about its concentration and redox state in midgut fluids, or the extent of Fenton-type reactions in these conditions. This study compared the levels of hydroxyl radicals and iron in the midgut fluids of two species of caterpillars: Orgyia leucostigma, in which phenol oxidation is limited, and Malacosoma disstria, in which phenol oxidation is more extensive. We tested two hypotheses: (1) higher levels of hydroxyl radicals are formed in M. disstria (consistent with the higher concentrations of hydrogen peroxide in this species), and (2) lower concentrations of iron are present in O. leucostigma (providing greater protection of its midgut fluids from oxidative damage). Hydroxyl radical levels increased greatly in M. disstria, but not in O. leucostigma, when they consumed a tannin-containing diet, supporting the first hypothesis. Protein oxidation was also significantly increased in the midgut fluids of M. disstria that ingested tannic acid, consistent with hydroxyl radical damage. Contrary to the second hypothesis, similar concentrations of iron (70 µM) remained in solution or suspension in both species of caterpillars on an artificial diet. Over 90% of this iron appeared to be in the reduced (catalytically active) state in both species. We conclude that treefeeding caterpillars protect their midgut fluids from oxidative damage caused by Fenton-type reactions by limiting the formation of peroxides, rather than by limiting the availability of reduced iron. Arch. Insect Biochem. Physiol. 60:32-43, 2005. 
INTRODUCTION
Phenolic compounds, such as tannins and low molecular weight phenolic acids, are among the most common and chemically diverse defensive allelochemicals produced by plants (Hagerman and Butler, 1991; Okuda et al., 1993; Bravo, 1998) . These compounds may be active against folivorous insects by deterring feeding, or by acting as prooxidants or toxins following ingestion (Hagerman and Butler, 1991; Summers and Felton, 1994) . Previous studies have shown that ingested phenolic compounds have greater prooxidant activity in the phenol-sensitive caterpillar Malacosoma disstria (Lasiocampidae) than in the phenol-tolerant species Orgyia leucostigma (Lymantriidae) Martin, 1992, 1994; Barbehenn et al., 2003a) . As a result of the oxidation of phenolic compounds in the midgut lumen, hydrogen peroxide (H 2 O 2 ) and organic hydroperoxides (ROOH) are produced in higher concentrations in the midgut fluids of M. disstria than in O. leucostigma (Barbehenn et al., 2001; unpublished data) .
Peroxides are themselves relatively unreactive, but break down to form highly reactive free radicals in the presence of reduced iron [Fe (II)] or September 2005 other transition metal ions and their complexes (Reactions 1 and 2) (Halliwell and Gutteridge, 1986; Buettner, 1993 In biological systems, Fe (II) that is not sequestered by iron-binding proteins forms a wide variety of complexes, many of which remain catalytically active (Halliwell and Gutteridge, 1986; Buettner, 1993) . Hydroxyl and alkoxyl (or peroxyl) radicals readily oxidize cellular components and degrade the nutritional quality of food in the gut lumen (Summers and Felton, 1994; Felton, 1996; Halliwell and Gutteridge, 1999) , and ingested iron has been shown to cause oxidative stress in houseflies (Sohal et al., 1985) . However, little is known about the extent to which peroxides in the gut fluids of herbivorous insects take part in Fenton-type reactions.
Iron is the most abundant redox-active metal in the host plants of herbivorous insects (Guha and Mitchell, 1966; Welch et al., 2002) . For example, iron concentrations in the aqueous fractions of the leaves of 26 species of woody plants range from 220 to 2,100 µM (our calculation) (Allen, 1974) . Iron is commonly present in a similar range of concentrations in caterpillar artificial diets (e.g., 1,000 µM in this study). These levels are over 20-fold higher than those of other redox-active metals, such as copper (Allen, 1974) . The large amount of iron in the food of herbivorous insects suggests the potential for extensive radical-forming reactions in their gut fluids, but little is known about the concentration of iron that remains in solution in the highly alkaline midguts of caterpillars.
Previous work has shown that roughly 10% of ingested iron remains in solution or colloidal suspension in the midgut fluids of O. leucostigma and Manduca sexta caterpillars (Barbehenn and Martin, 1998) . However, even iron concentrations on the order of 50 µM are capable of catalyzing extensive Fenton-type reactions if Fe (II) is maintained at this level by redox cycling, such as by ascorbate. Therefore, it is possible that ingested iron plays an important role in oxidative processes in herbivorous insects, but no work has been done, to our knowledge, on the redox state of iron in their gut fluids.
One purpose of this study was to extend our previous work on peroxides in the midgut fluids of M. disstria and O. leucostigma by examining hydroxyl radical levels in these tree-feeding caterpillars. Specifically, this study tested the hypothesis that higher levels of hydroxyl radicals are formed in caterpillars containing higher levels of hydrogen peroxide (i.e., M. disstria > O. leucostigma). Protein oxidation was measured as a marker of free radical damage in the midgut fluid of M. disstria. Protein carbonyls are formed by the reaction of hydroxyl or alkoxyl radicals with side chains of amino acids near metal cation binding sites (Levine et al., 1990; Stadtman, 1990; Davies et al., 1999) . Thus, the level of protein carbonyls is a particularly relevant marker of Fenton-type reactions.
If hydroxyl radical levels were higher in M. disstria than in O. leucostigma, this could be the result of higher hydrogen peroxide concentrations in M. disstria, but it could also result from higher Fe (II) concentrations in this species. Although previous work has established the importance of maintaining ascorbate in the midgut lumen to limit phenol oxidation (Barbehenn et al., 2001 (Barbehenn et al., , 2003a , this is not necessarily the entire basis for phenol tolerance in caterpillars. The sequestration of iron in forms that do not take part in Fentontype reactions could also be an important antioxidant defense mechanism (Felton and Summers, 1995) . Therefore, we tested the hypothesis that O. leucostigma limits the availability of redox-active iron in its midgut fluids to a greater extent than does M. disstria. Finally, we examined whether iron concentrations change along the length of the midgut in M. disstria. It was of interest to determine whether higher concentrations of iron are found in the posterior midgut, a region into which excess iron is secreted and in which the rate of phenol oxidation is greatest (Locke and Nichol, 1992; Barbehenn and Martin, 1994; Barbehenn et al., 2003a) .
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MATERIALS AND METHODS
Insects
Eggs of M. disstria and O. leucostigma were provided by the Canadian Forest Pest Management Institute (Sault Ste. Marie, Ontario). Larvae were reared on an artificial diet in Petri dishes in incubators (primarily at 23°C, 16 h light:8 h dark) until the final instar. Colonies of both species were maintained at 18°C when it was necessary to slow their developmental rates. Final-instar larvae were switched at random to experimental diets, replaced in an incubator at 23°C, and allowed to feed for 2 days. In the case of M. disstria larvae fed oak leaves, an incubator temperature of 18°C was used. Freshly-prepared diets were provided daily. On the third day of each experiment, midgut contents were dissected from larvae, weighed, and kept under a nitrogen atmosphere, as described previously (Barbehenn et al., 2001 ).
Diets
The rearing diet was prepared as described previously (Barbehenn et al., 2001) , with the exception that linseed oil was substituted for wheat germ oil, methyl paraben was omitted, and sodium alginate was included [2.9% dry diet (DW)]. Iron was provided in Wesson's salts (Sigma Chemical Co., St. Louis, MO) as ferric orthophosphate at a level of at 0.08% of the total dry ingredients, or 1,000 µM if fully solubilized.
Experimental diets were identical to the rearing diet, with the exception that ascorbate was 0.23 or 0.50% (rather than 2.3%) DW. The lower ascorbate concentrations were considered to be closer to those commonly found in host tree foliage (Barbehenn et al., 2003b) . Tannic acid (5% DW; Sigma, lot 20H0278) was added to the test diet. Previous high-performance liquid chromatography (HPLC) characterization of this tannic acid lot showed that it contains approximately 4% gallic acid and a range of galloyl glucose esters, primarily tri-, tetra-, penta-, and hexagalloyl glucose (Barbehenn et al., 1996) . Tannic acid and ascorbic acid remain stable in the diet over a 1-day period at 23°C (Barbehenn and Martin, 1992; unpublished data) , suggesting that the formation of oxidation products (e.g., protein carbonyls) in the diet was negligible.
Hydroxyl Radicals
Hydroxyl radicals were measured in gut fluids by including dimethyl sulfoxide (DMSO) in the diet as a non-toxic hydroxyl radical scavenger (Babbs and Steiner, 1990) . Hydroxyl radicals that formed in vivo and ex vivo were measured with HPLC (Li et al., 1997 (Li et al., , 1999 . Briefly, larvae were fed artificial diet containing 0.23% ascorbate, 5% (v/v) DMSO, and 0 or 5% tannic acid. Gut fluid was collected from the anterior and posterior midguts of dissected larvae by dividing the midgut contents in half and extracting the contents of each portion in 150 µl of pH 9.0 TRIS buffer (nitrogenpurged, 50 mM) containing 5% (v/v) DMSO. The headspace of each microcentrifuge tube was flushed with nitrogen. Following centrifugation (8,000g, 3 min, 4°C), supernatant solutions (100 µl) were mixed with 10 µl of proxyl fluorescamine (30 mM in DMSO) under a nitrogen atmosphere. Proxyl fluorescamine was synthesized from fluorescamine (Acros Organics, Pittsburgh, PA) and 3-amino-2,2,5,5-tetramethyl-1-pyrrolidinyloxy (Acros) (Li et al., 1997) . Larvae were dissected, and reactions with proxyl fluorescamine were begun, at 2-h intervals to standardize the reaction time. Following a 2-h reaction on ice in the dark, samples were filtered to HPLC vials, flushed with nitrogen, and 30-µl aliquots were injected on a C18 column (4.6 x 250 mm) (Vydak, Hesperia, CA). Injected compounds were eluted isocratically with a 65% methanol:35% sodium acetate buffer (50 mM, pH 4) mobile phase at a flow rate of 1 ml/min. Separated compounds were quantified with a fluorescence detector (Shimadzu; 390 nm excitation, 490 nm emission) and a Shimadzu CR4A computer (Columbia, MD). The low background levels of hydroxyl radicals in the gut fluids of control insects were subtracted from the hydroxyl radical levels in tannin-feeding larvae, providing a measure of the net production of hydroxyl radicals resulting from tannin oxidation.
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Hydroxyl radical intensity was defined as the Omethyl hydroxylamine peak area/sample mass.
The identity of the O-methyl hydroxylamine reaction product was determined with HPLC by the elution time of a standard, and by determining the mass spectra of reaction products and the standard (Micromass Quatro LC mass-spectrometer, Beverly, MA). An O-methyl hydroxylamine standard was produced in a Fenton reaction mixture containing 1 mM hydrogen peroxide, 100 µM ferric chloride, 1 mM ascorbate, 100 µM ethylenediaminetetracetate (EDTA), and 3 mM proxyl fluorescamine. Fractions containing O-methyl hydroxylamine from Fenton reaction products and M. disstria gut fluid were collected for MS by eluting them from the C18 column with a gradient of 80% double-distilled water containing 0.05% formate: 20% acetonitrile to 5% water: 95% acetonitrile over a period of 18 min. Collected fractions were infused directly into the MS (20 µl/min), which was operated in the positive ion electrospray mode. The mass fragments produced by both the standard and gut fluid samples (e.g., m/z 437.5) were consistent with Omethyl hydroxylamine as the parent compound.
Protein Carbonyls
Protein carbonyls were measured in the midgut fluid of M. disstria as a marker of hydroxyl radical damage. Larvae were placed at random in Petri dishes with diet containing 0.5% ascorbate and 0 or 5% (w/v) tannic acid. Midgut contents were extracted in 300 µl of pH 7.0 phosphate buffer (50 mM, nitrogen-purged) under a nitrogen atmosphere. Samples (n = 9 control and treatment replicates) were stored at -80°C (6 weeks). Protein carbonyls were measured in thawed extracts (kept on ice) after centrifugation (8,000g, 5 min, 4°C), and 200 µl of the supernatant solutions were treated with streptomycin sulfate (22.2 µl; 10% w/ v in 50 mM pH 7.0 HEPES buffer) (Reznick and Packer, 1994; Quinlan and Gutteridge, 2000) . After additional centrifugation (8,000g, 5 min, 4°C), proteins remaining in the supernatant solution were precipitated with trichloroacetic acid (100 µl, 28% w/v). Protein pellets were treated with 500 µl of 7 mM 2,4-dinitrophenylhydrazine (DNPH, Acros) in 2 M hydrochloric acid (37°C, 15 min). Treated protein pellets were washed free of unbound DNPH, and solubilized in a guanidine hydrochloride solution (6 M; Acros) as described by Quinlan and Gutteridge (2000) . An extinction coefficient of 22,000/M for the DNPH-protein carbonyl adduct at 370 nm was used to calculate protein carbonyl concentrations (Reznick and Packer, 1994; Quinlan and Gutteridge, 2000) . Correction for interfering substances (e.g., tannic acid) at 370 nm was made by running DNPH-free controls, and subtracting these values from protein carbonyls measurements. Protein concentrations in the sample supernatants were measured with the modified Bradford assay, and quantified with a bovine serum albumin standard curve (Stoscheck, 1990) . Protein carbonyl levels were expressed as nmol protein carbonyl/mg protein.
Iron in Insects and Diets
Larvae were fed artificial diets containing 0.5% ascorbate and 0 or 5% tannic acid during the experimental period. The anterior and posterior midgut contents of M. disstria were extracted in 2-ml microcentrifuge tubes containing 1 M hydrochloric acid (250 or 300 µl, made with nitrogen-purged double-distilled water). The contents from two or three insects were pooled per replicate to obtain a fresh weight of at least 50 mg. The weights of gut contents were measured to the nearest 0.1 mg. Sample collection tubes were kept on ice and flushed with nitrogen at all times. Samples from control (n = 12) and treatment larvae (n = 12) were dissected in alternating order during 1.5-to 2.5-h periods on two successive days. Gut fluid volumes were estimated as 95% of their fresh weights (Barbehenn et al., 2001 ). There was a negligible increase in water content (<1%) from the anterior to the posterior midgut in both caterpillar species, and no effect of diet treatment on water content in either species (unpublished data). Iron was measured in fresh supernatant solutions with the phenanthroline method, as described below.
Iron concentrations were measured in O. leuco-Archives of Insect Biochemistry and Physiology stigma larvae that fed on diets of the same composition as those prepared for M. disstria. Entire midgut contents were pooled from 1-3 larvae to obtain a total fresh weight of at least 50 mg per replicate. Gut contents were extracted in 250 or 300 µl of 1 M hydrochloric acid, and iron was measured with the phenanthroline method in fresh supernatant solutions, as described below. The experiment was repeated on a second day. Iron was measured in the midgut fluids of penultimate-and final-instar M. disstria that fed on red oak (Quercus rubra) for a two-day period (beginning the 25th or 26th of June 2002). Twigs containing clusters of five leaves were cut haphazardly with a pole pruner from the sunlit side of trees at the University of Michigan. Leaves were coated with 200 µl of 85% acetone or 85% acetone containing 50 mg/ml tannic acid to produce an increase of 5% dry weight. A micropipet was used to dispense the solvent evenly across each leaf, placing the pipette tip parallel to the leaf surface to avoid scratching the leaf. The percent dry weight of the added tannin was calculated based on the mean fresh weight:dry weight ratio of untreated leaves. Twigs were placed in water in 15-ml centrifuge tubes that were taped inside ventilated plastic shoe boxes. Larvae were assigned at random to each treatment and placed in boxes in an incubator. Freshly-treated leaves from different trees were provided daily. After two days, larvae were dissected, alternating between control (n = 10) and treatment (n = 13) replicates. The contents of the entire midgut from between 1-5 larvae were pooled per replicate to obtain sample weights of at least 80 mg. Gut fluid volumes were approximated as 90% of the fresh weight (Barbehenn et al., 2003b) . Iron was measured in fresh supernatant samples with the phenanthroline method as described below, with the exception that only total iron was measured by including ascorbate in all samples.
Iron concentrations were measured in the experimental artificial diets containing 0% or 5% tannic acid. Samples of each diet (100 mg; n = 10/ treatment) were homogenized in 500 µl of 1 M hydrochloric acid (nitrogen-purged) using a glass hand-held tissue homogenizer. After centrifugation, iron was measured in the supernatant solutions, as described below for gut fluid samples.
To test whether iron was contributed by the tannic acid added to treated food, the total iron content of tannic acid was determined with ion-coupled plasma mass spectrometry (ICP-MS; Finnigan MAT ELEMENT ICP) (Thermo Electron Corp., Schaumberg, IL). Samples (5 mg; n = 4) were weighed to the nearest 0.1 mg into 200-µl microcentrifuge tubes with screw-cap lids. Samples were digested in concentrated nitric acid (250 µl; trace analysis grade) (Fluka, Milwaukee, WI) and hydrogen peroxide (250 µl; 30% w/v, Sigma) in a boiling water bath (1 h). Digestates were transferred to 15-ml plugseal cap polypropylene centrifuge tubes (Fisher Scientific, Pittsburgh, PA) and diluted to a total volume of 5.0 ml with double-distilled water. Diluted digestates and blanks were analyzed directly.
Iron Analyses
The phenanthroline assay measures reduced iron [Fe (II)] (Brumby and Massey, 1967) . When used with ascorbate to reduce Fe (III), total iron is measured. The phenanthroline assay was adapted to fit the 200-µl wells of a 96-well micro-titer plate. Fresh sample extracts were centrifuged (8,000g; 4 min), and supernatant solutions were transferred to new tubes, which were flushed with nitrogen and stored at ambient temperature until analyzed (0.5-2.5 h). Supernatant solutions were treated with 20% (w/v) trichloroacetic acid (prepared with nitrogen-purged double-distilled water) at a ratio of 1:3 TCA:sample. After incubation for 10 min under a nitrogen atmosphere, the samples were centrifuged (8,000g; 4 min). To each microplate well was added 72 µl of nitrogen-purged doubledistilled water, 32 µl of 1,10-phenanthroline (0.1% w/v in nitrogen-purged double-distilled water), and 8 µl of 120 mM ascorbic acid (for total iron) or 8 µl of 60 mM acetic acid (for reduced iron). Finally, 80 µl of sample supernatant solutions and 8 µl of saturated ammonium acetate were added to the wells. Microplates were mixed, and sample absorbances (540 nm) were measured with a Biorad Benchmark microplate reader (Hercules, CA).
September 2005
Blanks (containing nitrogen-purged double-distilled water instead of the phenanthroline solution) were run for each sample, and the blank absorbance was subtracted from the sample absorbance. Ferrous sulfate standards were serially diluted in 1 M hydrochloric acid (low oxygen). Standard curves for the phenanthroline assay were linear over a range from 0 to 500 µM ferrous sulfate. All reagents were prepared fresh daily.
The phenanthroline method was judged to be accurate based upon the following comparisons and tests: (1) Similar concentrations of total iron were measured in midgut fluid samples with the phenanthroline method and ICP-MS (Barbehenn and Martin, 1998) . (2) The total iron concentration measured with the phenanthroline assay in Acer saccharum (29 µg/g fresh weight) was similar to total iron levels measured previously with this assay in a wide range of plant leaves (Mehrota and Gupta, 1990) . (3) Total iron recovered from control and 5% tannic acid diet extracts spiked with ferrous sulfate averaged 99.7%, suggesting that no substances interfered with the assay once the samples were extracted. (4) Iron (III) (ferric chloride) was not measurable with the phenanthroline assay unless it was treated with ascorbate. The efficiency of reduction of Fe (III) by ascorbate in the assay was 89.7%. In addition, total iron levels in the midgut tissues of M. disstria (127 ± 8 µM for control larvae and 122 ± 10 µM for treatment larvae) were sufficiently small that contamination of midgut fluid along the length of the incision would cause negligible increases in iron concentrations.
Statistical Analysis
No significant differences were observed between days in repeated experiments, and the data were pooled within treatments for analysis. Mean iron concentrations in individual M. disstria larvae were calculated from the anterior and posterior sections for comparison of overall iron concentrations with O. leucostigma. Iron concentrations in the midgut fluids of the two caterpillar species were compared using two-way ANOVA, with species and treatment as fixed effects (SAS, 2000) . A repeated measures two-way ANOVA was used to compare iron concentrations between regions of the midgut in M. disstria, with treatment and experiment date as fixed effects, and site as a repeated effect. Tests of normality were made using PROC UNI-VARIATE (SAS, 2000) . Kruskal-Wallis tests (nonparametric) were used to compare hydroxyl radical intensities, protein carbonyl levels, and the fraction of Fe (II) across species and treatments (Wilkinson, 2000) . Pairwise differences between means were examined by differences of least squares means generated by PROC MIXED (SAS, 2000) , or by Kruskal-Wallis tests.
RESULTS
Higher levels of hydroxyl radicals were formed in the midgut fluids of M. disstria than in O. leucostigma larvae that fed on a diet containing tannic acid ( Fig. 1 ; P < 0.001), supporting the first hypothesis. A small, but significant, increase in hydroxyl radical levels was detected in the posterior midgut of O. leucostigma larvae. Hydroxyl radicals were undetectable in the acidic foregut of M. disstria. A marker of the oxidative damage produced by hydroxyl radicals, protein carbonyls, increased 160% in the midgut fluids of M. disstria that fed on a tannin-containing diet ( Fig. 2 ; P < 0.001).
Contrary to the second hypothesis, the midgut fluids of O. leucostigma and M. disstria contained similar total iron concentrations when feeding on artificial diets (Fig. 3) . If the iron in the diet was fully solubilized (1,000 µM) but was diluted by the higher water content of the midgut fluid (to 840 µM), then the iron present in the supernatant solutions from midgut fluids represented only a small fraction (<10%) of the total iron contained in the ingested diets. This calculation assumes that there was no net absorption of iron from the midgut (Locke and Leung, 1984) .
Unexpectedly, when O. leucostigma and M. disstria larvae ingested a diet containing tannic acid, iron concentrations increased significantly in their midgut fluids (P < 0.001). Iron concentrations also increased 55% in M. disstria that ingested red oak leaves treated with tannic acid, from 44.5 ± 3.7
Archives of Insect Biochemistry and Physiology µM on control leaves to 68.9 ± 6.6 µM on tannintreated leaves (P = 0.008). O. leucostigma showed a similar trend towards increasing total iron concentrations in larvae on tannin-treated red oak leaves (unpublished data). Based on an estimated total iron concentration of 600 µM in red oak leaves (Allen, 1974) , the iron remaining in the midgut fluids of M. disstria was again on the order of 10% of that found in the oak leaves. This calculation was based on an estimated dilution factor of 71% from foliar to gut fluid water content. Iron concentrations did not change significantly along the length of the midgut in M. disstria (Fig. 4) .
A surprisingly large fraction of the iron that remained in solution or suspension in the midgut fluid of M. disstria was in the reduced form (Table  1) . Similarly, iron in the midgut fluids of O. leucostigma was almost completely in the reduced state (98% in control and tannin-feeding larvae), based on a lack of effect from ascorbate added in the phenanthroline assay. The fraction of iron present as Fe (II) in M. disstria decreased significantly along the length of the midgut (P < 0.05). However, the percentage of Fe (II) did not differ significantly between control and tannin-feeding insects at either position in the midgut.
Iron concentrations measured in tannin-containing diet (59.9 ± 4.0 µM) were not significantly different from those in tannin-free diet (69.6 ± 4.3 µM) (P = 0.112). Similar results were observed in Fig. 1 . Hydroxyl radical levels in the midgut fluids of final-instar O. leucostigma and M. disstria larvae. Fig. 2 . Protein carbonyls formed in the midgut fluids of final-instar M. disstria larvae that fed on a tannin-free control diet or a diet containing tannic acid (5% dry weight).
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a preliminary assay. It is noteworthy that these results were the opposite of the pattern of iron concentrations in the midgut fluids of larvae that fed on the two artificial diet treatments. A negligible amount of iron was measured in tannic acid with ICP-MS (0.028 µmol iron/g tannic acid).
DISCUSSION
The results of this study support the hypothesis that higher levels of hydroxyl radicals are formed in the midgut fluids of the phenol-sensitive caterpillar M. disstria than in the phenol-tolerant caterpillar O. leucostigma. However, contrary to the second hypothesis, M. disstria and O. leucostigma maintain similar Fe (II) concentrations in solution or colloidal suspension in their midgut fluids. Thus, it can be inferred that higher levels of hydroxyl radicals form in M. disstria as a result of higher hydrogen peroxide concentrations in this species (Barbehenn et al., 2001) , rather than from higher levels of catalytic metal ions.
As in other biological systems, most of the soluble or colloidal iron in gut fluids would likely be present in complexes, such as with proteins, carbohydrates, phosphate, organic acids, and polar lipids (Halliwell and Gutteridge, 1986) . Since over 90% of the iron ingested by caterpillars is not in Archives of Insect Biochemistry and Physiology solution or suspension following centrifugation of the midgut contents, ingested iron is presumed to be associated largely with particulate matter (e.g., cell wall components and the peritrophic envelope) and/or present in insoluble forms (Schneider, 1988) . The latter possibility appears to be likely in the case of artificial diets, given the low extractability of iron from artificial diets in this study. Oxidative damage to particulate matter by hydroxyl radicals formed at iron-binding sites in this matter would probably have little effect on insect performance (Pascoa et al., 2002; Barbehenn and Stannard, 2004) .
Further work is needed to determine the extent to which oxidative damage to limiting nutrients, such as protein, affects the fitness of caterpillars. Surprisingly, despite the extensive oxidation of tannic acid and the increased oxidation of protein in the midgut lumen of M. disstria, no measurable effects on growth and consumption rates or nitrogen digestion efficiencies have been observed (Karowe, 1989; Barbehenn and Martin, 1994) . This suggests a potentially important role for post-ingestive compensatory mechanisms in insects in which high levels of oxidation occur, such as the secretion of more proteases (Broadway and Duffey, 1986 ).
Iron appears to exist primarily in the reduced state in the midgut fluids of M. disstria and O. leucostigma. This large fraction of Fe (II) could result from a combination of redox cycling by antioxidants, such as ascorbate (Barbehenn et al., 2001) , low levels of molecular oxygen (Johnson and Barbehenn, 1999) , and/or other factors that contribute to the low redox potential in the midgut fluids of M. disstria and O. leucostigma (Barbehenn and Martin, 1994) . The decrease in the fraction of Fe (II) in the posterior midgut of M. disstria is consistent with the marked drop in ascorbate levels in this region (Barbehenn et al., 2001 ). While we did not measure the fraction of Fe (II) in the midgut fluids of caterpillars that consumed leaves, previous findings on the redox state of iron in leaf homogenates suggest that Fe (II) also would predominate in foliage-feeding caterpillars (Mehrota and Gupta, 1990) .
It is possible that the fraction of reduced iron measured in this study could be overestimated if the chelation of Fe (II) by phenanthroline favors the reduction of Fe (III) (Kakhlon and Cabantchik, 2002) . However, it is clear that there is sufficient Fe (II) in the midgut fluids of M. disstria to promote Fenton-type reactions (Reactions 1 and 2); both hydroxyl radical and protein carbonyl levels are increased in midgut fluids that contain elevated levels of peroxides from tannic acid oxidation.
It is not surprising that Fenton-type reactions would occur in midgut fluids containing iron concentrations of 40-100 µM and peroxide concentrations in excess of 500 µM (Barbehenn et al., 2001) . Such iron and peroxide concentrations are on par with those used in in vitro hydroxyl radical-generating systems, e.g., 100 µM iron and 1,000 µM hydrogen peroxide.
The increased levels of iron in tannin-consuming caterpillars could be explained by (1) iron extracted from secreted ferritin (Locke and Leung, 1984; Boyer et al., 1990; Aust, 1995; Becana et al., 1998) , (2) iron released from epithelial cells that are sloughed at a higher rate in the presence of tannins (Lotem et al., 1996; Madesh et al., 1999; Hoover et al., 2000) , and/or (3) iron chelated and retained in solution or suspension by phenolic compounds (Barbehenn and Martin, 1998, and references therein) . The observation that iron concentrations do not increase along the length of the midgut in M. disstria suggests that iron is not extracted in significant amounts from ferritin secreted into the posterior midgut (Nichol and Locke, 1989) . It is unknown whether iron-binding proteins would be released and extracted from sloughed cells along the length of the midgut. However, September 2005 polyphenolate anions and semiquinone radicals formed in high pH midgut fluids could act as effective chelators of polyvalent metal cations (Kalyanaraman et al., 1985; McDonald et al., 1996; Hider et al., 2001) , and prevent iron from precipitating from solution, as does EDTA. Therefore, work is needed to determine whether elevated iron concentrations result from an increased flux of iron into the midgut lumen or a greater retention of ingested iron in solution and colloidal suspension. The maintenance of an efficient ascorbate recycling system in the midgut fluids of O. leucostigma is necessary to limit the oxidation of ingested phenolic compounds and the subsequent formation of peroxides (Barbehenn et al., 2001 ). However, as noted above, ascorbate could also function as a prooxidant by reducing Fe (III) to Fe (II), potentially increasing the rates of Fenton-type reactions. Based on this study, we suggest that ascorbate in midgut fluids provides a net antioxidant effect by limiting the formation of the peroxides that are necessary for Fenton-type reactions.
The results of this study strongly suggest that the soluble and colloidal iron in the midgut fluids of tree-feeding caterpillars is not efficiently sequestered in a redox-inactive form. This conclusion is inferred from two main findings: (1) The concentration of iron measured with ICP-MS in midgut fluids, which would include any sequestered forms of iron, is similar to that measured with the phenanthroline assay (Barbehenn and Martin, 1998) . (2) Most of the iron measured in midgut fluids appears to be reduced, and some fraction of this iron participates in Fenton-type reactions. The apparent lack of careful sequestration of iron in the midgut distinguishes the antioxidant defenses of midgut fluids from those of many other extracellular fluids, as well as animal and plant tissues in general Gutteridge, 1986, 1999) . Instead, our results point to the importance of maintaining low levels of peroxides as an antioxidant defense of the midgut lumen. Thus, the ability to control the oxidation of ingested phenols in the gut lumen is a key step that would limit Fenton-type reactions in phenol-tolerant caterpillar species.
